Abstract The influent type of organic matter (dissolved or particulate) on the characteristics of two subsurface wastewater infiltration systems (SWISs) was investigated. One of the SWISs was fed with dissolved organic matter (glucose, assumed to be readily biodegradable) and the other with particulate organic matter (starch, assumed to be slowly biodegradable). Results showed that both biofilm growth and particle accumulation in substrate could reduce the effective porosity and infiltration rate of SWIS, especially for the high organic matter concentration wastewater. The reduction in effective porosity and infiltration rate was primarily caused by organic particle accumulation. The contribution of the accumulated organic particle to the process of clogging was greater than that of biofilm growth and the clogging mainly occurred in the upper layer in starch-fed systems. The SWISs fed with glucose were not clogged till the end of experiments. The hydraulic retention time (HRT) increased with time in start-up period and was almost invariable after mature in glucose-fed systems; in starch-fed systems, clogging of substrate prolonged the HRT. The two identical experimental SWISs were almost equal efficiencies for the removal of chemical oxygen demand (COD). The removal efficiencies of COD were not influenced by clogging under the experimental conditions. Ammonia N removal efficiency was higher in glucose-fed systems than that in starch-fed systems.
Introduction
Subsurface wastewater infiltration system (SWIS) is an effective way to treat wastewater according to integrated mechanisms of chemical, physical and biological reactions as it passes through the unsaturated soil in infiltration system (USEPA 2002; Zhang et al. 2005; Wang et al. 2010) . Compared to the conventional activated sludge and biofilm processes, this system has better performance in organic substance and phosphorus removal, lower construction and operational costs, and easier management and maintenance (Yamaguchi et al. 1996; USEPA 2002; Li et al. 2012) .
SWIS is a process suitable for decentralized domestic wastewater treatment in villages, small towns or scattered residential areas. Wastewater contains complex mixtures of organic matter of different size and types, from dissolved to particulate, and from readily biodegradable to inert constituents (Kadlec 2003) . Long-term experience in conventional biological wastewater processes (such as activated sludge and wetland) has demonstrated that the efficiency can be highly dependent on the particle-size distribution function in the influent wastewater (Levine et al. 1991; Puigagut et al. 2007 ). Particulate organic biodegradable substrates (as well as high molecular weight dissolved and colloidal constituents) must undergo cell external hydrolysis before they are available for biodegradation. This hydrolysis process can be one of the most limiting steps during the removal of organic matter either under anaerobic, anoxic and aerobic conditions (Ubukata 1997; Sanders et al. 2000) . Thus, it is possible that this distribution function also affects the performance of other wastewater biological systems such as SWIS.
There is current no experimental information available on the comparative effect of particulate and dissolved organic matters on the characteristics of SWIS, such as removal efficiency and characteristics of substrate. Several reports, nevertheless, have recently discussed in a theoretical manner the possible effect of particle-size distribution. For example, Tchobanoglous (2003) pointed out the importance of organic matter size distribution as a design criterion and reviewed pretreatment systems for reducing particulate matters and therefore for modifying the size distribution function. Hua et al. (2010) investigated the effects of particulate solids distribution and their accumulation in the substrate of vertical-flow constructed wetlands with different gravel sizes and claimed that the SS whose particle size was less than 100 lm were absorbed firstly, and then, the bigger size of the particles was intercepted and was accumulated at the end. Caselles-Osorio and García (2006) evaluated the performance of experimental horizontal subsurface flow constructed wetlands fed with dissolved or particulate organic matter and demonstrated that the removal of ammonia N was slightly higher in the glucose-fed wetland than starch-fed wetland.
In the present study, two pilot subsurface wastewater infiltration systems filled with the same mixed substrate and operated under the same conditions were constructed in the laboratory of Shenyang Normal University, but one fed with starch (as a slowly biodegradable particulate organic matter) and the other with glucose (as a readily biodegradable dissolved organic matter). The experiments were conducted from May 2010 to October 2010. The purposes in this study were as follows: (1) to investigate the different development of clogging processes caused by organic particle accumulation and biofilm growth, (2) to analyze the cause of the different clogging process and (3) to study the effect of clogging on removal efficiency and characteristics of substrate.
Materials and methods

Pilot system setup and operation
A schematic representation of the columns used for SWIS is shown in Fig. 1 . The column was made from clear plexiglass (120 cm in length and 50 cm internal diameter). Sampling ports were installed at 50 cm (upper layer), 80 cm (middle layer) and 110 cm (bottom layer) from the top of the SWIS to test effective porosity, infiltration rate, organic matter content and the biomass of substrate. The 10 cm of deep gravel (10-20 mm, diameter) was prepared at the bottom to support infiltration system and evenly distribute the treated water. Synthetic wastewater was continuously fed into each SWIS from a feed tank through a rubber hose with flow rate control valves, and the synthetic influent was daily prepared. The feed tank was placed in a higher position so that influent could flow automatically into the SWIS. Synthetic wastewater inlet was installed in advance at the depth of 50 cm below the surface. The treated water was collected through collecting pipe at the bottom of the column near the outlet. Each infiltration system filled with the same substrate made of 50 % brown soil and cinder at a weight percentage of 50 %. Cinder is an inorganic waste produced in the process of anthracite combustion, mainly composed of SiO 2 and Al 2 O 3 .
The brown soil was collected from the top 20 cm from Shenyang Ecological Station. The coal slag was purchased from a local market in Shenyang, 4-8 mm in diameter. The mixed substrate contained total organics 20.4 ± 0.6 g/kg, total nitrogen 0.3 ± 0.08 g/kg, total phosphorus 0.2 ± 0.1 g/kg and pH 6.5.
The indoor temperature was over 15°C during the experiments. Two types of organic synthetic influents prepared by tap water except organic carbon source were used in this study. One organic carbon source was glucose, and the other was starch. Major nutrients were supplied by adding NH 4 Cl and K 2 HPO 4 to the influents. Glucose was used to simulate the presence of soluble organic matter and investigate the clogging process caused by the biofilm growth in three columns. Starch used in the experiment was amylopectin, as a kind of organic particulate substrate, which must undergo cell external hydrolysis before it is available for biodegradation (Caselles-Osorio and García 2006). Therefore, the other three starch-fed SWISs were used to investigate the development process of clogging synthetically caused by biofilm growth and particle accumulation, especially for the latter.
In this study, the hydraulic loading was kept constant at 0.4 m 3 /(m 2 day), and each cycle of the operation included a flooding period of 24 h, a drying period of 24 h. Organic loading was an important factor causing clogging of infiltration systems (Zhao et al. 2009 ). In order to investigate the effect of organic loading on clogging, low, middle and high organic matter concentration were constructed in this study. The water quality of the synthetic wastewater was listed in Table 1 .
Sampling and analyzing
Sampling was conducted in the flooding period from May 2010 to October 2010. Infiltration rate, effective porosity, hydraulic retention time and water quality were measured every 7 cycles of the operation. OM content and the amount of bacterial biomass were measured every 14 cycles of the operation.
Infiltration rate measurement
Infiltration rate measurement was based on the variable water head method of Standard for Soil Test Method (GB/ T50123-1999) with TST-55 infiltrometer (Nanjing Ningxin Soil Instrument Factory, China). The value of infiltration rate K (cm/s) could be calculated through the following equation (Eq. 1).
where a (cm 2 ) is surface area of variable water head pipe, t (s) is the change in time during the head drop, L (cm) is the length of the filter, h 1 (cm) is the initial water head, h 2 (cm) is the final water head and A is surface area of the substrate. In this study, a is 1 cm 2 , L is 4 cm and A is 30 cm 2 .
Effective porosity measurement
The effective porosity was tested through the balance of the water saturation and venting volume of the substrate. It can be expressed as a ratio of the values of drainage volume divided by the total volume before filling with substrate (Hua et al. 2010 ).
OM content accumulated in substrate
The loss on ignition (LOI) method (Tanner and Sukias 1995) was used to calculate the organic matter content accumulated in substrate. Samples of each layer were taken with sampler and mixed evenly. Some of the above mixed substrates were dried to constant weight in a forced air oven at 80°C and then were burnt at 550°C for 4 h. The weight difference before and after burning was estimated as OM content of substrate.
The amount of bacterial biomass in substrate
Total bacterial biomass of substrate has previously been used to study biological clogging (Stéphanie et al. 2000; Liu et al. 2003) . The biofilm microbial biomass was evaluated using a fatty acid methyl ester method (MIS Operating Manual 1991) . This method provided an unbiased view of the complex microbial communities and viable biomass found in environmental samples such as soils (Ratcliff et al. 2006 ) and sediments (Ringelber et al. 1997) . The fatty acids of the bacteria present in the sample were extracted, converted to fatty acid methyl esters and directly correlated to dry weight of bacterial biomass and total cell numbers (Haack et al. 1994 ). The method was tested by adding a known amount of bacterial biomass to different amounts of substrate. The recovery rates of fatty acids were then converted and correlated back to bacterial biomass concentration.
Hydraulic retention time
Tracer tests were carried out in SWISs using sodium chloride (NaCl), the concentration of which can be easily monitored by electrical conductivity sensors. In each test, the tracer was added to the water of only one feeding sequence. The tracer content and the flow rate at the outlet of the SWISs were recorded each minute. This monitoring allowed to determine the detention time distribution (DTD), DTD = E(t), and the mean hydraulic retention time (HRT) (Torrens et al. 2009 ). The HRT is determined as follows:
Analysis methods for water quality
Influent and effluent samples were analyzed immediately for ammonia N and chemical oxygen demand (COD) using Chinese EPA standard methods (2002).
Results and discussion
Infiltration rate of each layer in two SWISs Figure 2 shows the changes in infiltration rate with different organic matter concentration overtime in starch-fed and glucose-fed systems. At beginning, the infiltration rate of each layer did not change significantly and the rapid decline of the infiltration rate was observed during the operation time of around 43 days in glucose-fed systems. However, the infiltration rate of upper layers decreased significantly at the incipient stage of operation in starch-fed systems. In previous study, Pan (2009) concluded that the lowest limit infiltration rate (K L ) was around 0.3 m/d and the SWIS would occur clogging when infiltration rate was lower than K L . The infiltration rates of upper layers in all starch-fed systems with different COD concentrations decreased to K L within 71 days. Organic matter concentration showed some effects on the infiltration rate of SWIS. The infiltration rate was lower for the systems fed with higher concentration influents. For the starch-fed system with COD concentration of 372.86 mg/L, infiltration rate of upper layer decreased to K L after running for 43 days while the reaching time was prolonged to 71 days when the organic concentration was 41.47 mg/L. However, none of the infiltration rate of each layer in glucose-fed systems dropped to K L after running for 141 days. Suliman et al. (2006) considered that the effect of biological growth on infiltration rate was negligible. Zhao et al. (2009) suggested that except for organic loading, suspended solid content in the influent should also be paid attention in clogging, especially for the wastewater containing a large amount of particles.
Effective porosity of each layer in two SWISs
Both biofilm growth and suspended solid accumulation could occupy the pore space and then reduce the pore size of the SWIS. Figure 3 shows the changes in effective porosity for each layer in glucose-fed and starch-fed systems. It can be found that the reduction in effective porosity of the upper and middle layer was significant and that of the bottom was slight in glucosefed systems. This result can be explained that the nutrient and dissolved oxygen levels were higher in upper and middle layer, which was in favor of the bacterial cells adhere or grow there. The COD concentration had a significant influence on the effective porosity of glucose-fed systems. For instance, at the end of experiments, the effective porosity of upper layer was 13.2 and 10.1 % with the COD concentration of 40.26 and 370.52 mg/L, respectively. The reason was that biofilm could grow anywhere the organic influent flow across and then reduced the effective porosity there. For the starch-fed systems, however, the effective porosity only dropped rapidly in the upper layer, and it did not decrease basically with time in the middle and bottom layers. The reason was a large number of starch particles in influents adhered to substrate in upper layers, forming deposits and then accumulating in the pores thereby reducing the effective porosity. Starch particles in influents could hardly flow into middle and bottom layers with the occurrence of clogging. Figure 4 shows the accumulated OM content of each layer overtime in starch-fed and glucose-fed systems. The content in the upper layer was only slightly higher for the glucose-fed systems, whereas it was far higher for the starch-fed systems. In addition, the OM content increased with the increase in influent organic matter concentration. The main composition of accumulated OM in substrate was biofilm for the glucose-fed systems and detained starch particles for the upper layer of starch-fed systems. In glucose-fed systems, the nutrient and dissolved oxygen levels decreased along the depth of columns, which led to a decline of accumulated OM. In starch-fed systems, a large number of starch particles in influents adhered to substrate in upper layers, forming deposits and then accumulating in the pores, and starch particles in influents could hardly flow into middle and bottom layers.
Accumulated organic matter (OM) content of each layer in two SWISs
Considering the infiltration rate along the depth of columns (Fig. 2) , the infiltration rate was negatively related to the accumulated OM content, which confirmed that the accumulation of OM within substrate was one of the main reasons to the substrate clogging. This result was in accord with the research conclusions by Zhan et al. (2003) . Compared with the infiltration rate of glucose-fed system under the condition of similar OM content, the reduction in clogged layer in starch-fed system was greater. It can conclude that the influence of biofilm growth on infiltration rate was not as significant as that of starch particles, which is consistent with previous research by Suliman et al. (2006) .
Considering the effective porosity along the depth of columns (Fig. 3) , the accumulated OM content has some effects on effective porosity. For the starch-fed and glucose-fed systems, the effective porosity decreased with the increase in accumulated OM content. Compared with the effective porosity of glucose-fed systems under the condition of similar OM content and COD concentration, the reduction in clogged layer in starch-fed systems was greater. When the effective porosity was down to a certain degree, the starch particles could directly block the pores within substrate and led to rapid clogging phenomena.
The amount of bacterial biomass of each layer in two SWISs
The amount of bacterial biomass of each layer overtime in starch-fed and glucose-fed systems was quantified (Fig. 5) . The results show that most of the biomass was produced in upper layer of each column because the nutrient and dissolved oxygen levels were highest. The amount of bacterial biomass increased with the increase in influent organic matter concentration. In glucose-fed systems, the amount of bacterial biomass increased from beginning to 57 days and was almost invariable in each layer after 57 days because start-up period of SWIS completed and biofilms matured after running for 41 days (Pan 2009 ). After running for 57 days, in starch-fed systems, the amount of bacterial biomass was almost invariable in upper layers, and nevertheless, in middle and bottom layers, the amount of bacterial biomass decreased. The reason is that the clogging occurred in upper layers, starch particles in influents could hardly flow into middle and bottom layers and bacteria could not obtain enough organic matter. The biomass in upper layers was less in starch-fed systems than that of glucose-fed systems, which was not in accordance with larger drop in the effective porosity (Fig. 3) . Compared with the effective porosity of upper layer in glucosefed systems under the condition of similar amount of bacterial biomass and COD concentration, the reduction in clogged layer in starch-fed systems was greater. For instance, the effective porosity of upper layer was 17.2 % in glucose-fed system and was 6.4 % in starch-fed system under the condition of 2 mg/g bacterial biomass and high COD concentration, respectively. It can conclude that the reduction in effective porosity in upper (clogged) layers of starch-fed systems was primarily caused by organic particle accumulation. Many researches reported the growth of biofilm had minor effect on the reduction in effective porosity in filtration systems Healy et al. 2007 ). Thullner et al. (2002) and Liu et al. (2003) thought biological growth formed continuous and uniform biofilm, which covered the wall of each pore leading to reduction in the pore diameter, and Caselles-Osorio et al. (2007) considered the particles interstitially accumulated in the pores. According to these previous studies, it can infer that the accumulated solids could reduce the pore spaces more rapidly than the biofilm growth could under the experimental conditions and the important contribution of the biofilm growth to clogging in practice is accelerating the occurrence of clogging.
Hydraulic retention time of two SWISs
The HRT of glucose-fed and starch-fed SWISs is shown in Fig. 6 . The results show that HRT of glucose-fed systems was less than that of starch-fed systems. The HRT increased with the increase in influent organic matter concentration. The HRT increased with time before startup period and was almost invariable after 43 days in glucose-fed systems. In starch-fed systems, the HRT increased with time. For instance, the HRT increased from 13.4 to 20.1 h when the operation time increased from 29 to 141 days with COD concentration of 173.62 mg/L. This phenomena already described by Tanner et al. (1998) , who found a clear relationship between the hydraulic residence time and solids accumulation. The reason is effective porosity of starch-fed systems decreased due to detained starch particles in the upper layer, which decreased wastewater velocity, and the substrate of glucose-fed systems did not clog due to the balance between biological growth and bacterial decay after start-up period (Okabe et al. 1998 ).
Removal efficiency of two SWISs Figure 7 shows that the SWISs fed with different organic substrates (particulate slowly biodegradable and dissolved readily biodegradable) and operated with the same hydraulic loading yielded similar removal efficiencies of COD and reached eliminations of around 90 % after mature. The results demonstrate that removal efficiencies of COD were not influenced by clogging in starch-fed systems and clogging of substrate only prolonged the HRT, which was testified in 3.5. It can conclude that SWIS was not sensitive to the type of organic matter in the influents if it is readily (like glucose) or slowly (like starch) biodegradable for the removal of COD under the experimental conditions. Figure 8 shows that ammonia N removal efficiencies were significantly different in the SWISs fed with glucose and that fed with starch. In glucose-fed systems, the removal efficiencies of ammonia N increased from beginning to 57 days and were almost invariable after 57 days. This may be related to a higher degree of ammonia assimilation by heterotrophs in the SWISs fed with glucose because it is a readily biodegradable compound and favors the heterotrophic growth more in comparison with starch . In starch-fed systems, the removal efficiencies of ammonia N increased from beginning to 43 days and decreased after 43 days. The reason is that after 43 days most of starch was retained near the inlet, forming deposits and then accumulating in the pores, and heterotrophs could not obtain enough organic matter and ammonia N.
Conclusion
Both biofilm growth and particle accumulation in substrate could reduce the effective porosity and infiltration rate of SWIS, especially for the high organic matter concentration wastewater. The reduction in effective porosity and infiltration rate was primarily caused by organic particle accumulation. The contribution of the accumulated organic particle to the process of clogging was greater than that of biofilm growth and the clogging mainly occurred in the upper layer in starch-fed systems. The SWISs fed with glucose were not clogged till the end of experiments. The important contribution of the biofilm growth to clogging in practice is accelerating the occurrence of clogging. The HRT increased with time in start-up period and was almost invariable after mature in glucose-fed systems. In starchfed systems, clogging of substrate prolonged the HRT. The two identical experimental SWISs were almost equal efficiencies for the removal of COD with the same hydraulic loading. The removal efficiencies of COD were not influenced by clogging in starch-fed systems under the experimental conditions. The SWIS is not sensitive to the type of organic matter in the influents, whether it is readily (like glucose) or slowly (like starch) biodegradable, for the removal of COD. The removal efficiencies of ammonia N were higher in the glucose-fed systems than in starch-fed systems, which is probably related to a greater heterotrophic microbial growth in the former. 
